Molecular hybridization experiments were carried out to investigate homologous regions in the genomes of herpes simplex virus types 1 and 2 (HSV-1 and HSV-2), equid herspesvirus 1 (EHV-1), pseudorabies virus (PRV) and varicella-zoster virus (VZV). Virion DNA probes from EHV-1, PRV and VZV hybridized to similar regions of the HSV genome, and the use of cloned DNA probes allowed heterologous genomes to be oriented with respect to homologous regions. The HSV-1 and HSV-2 genomes are colinear, the EHV-1 and VZV genomes are colinear with the I L or IsL genome arrangement of HSV, and the PRV genome is essentially colinear with the I L genome arrangement of HSV except that the region 0.1 to 0-4 fractional genome units appears to be inverted. A detailed analysis of sequences in the HSV-2 and PRV genomes to which the HSV-1 major capsid protein gene hybridized was carried out in order to demonstrate the application of molecular hybridization to the location of genes in heterologous genomes. The lesion in a DNA-positive temperature-sensitive mutant of PRV was mapped within the putative PRV major capsid protein gene. We conclude that the herpesviruses we have studied possess several highly conserved genes, and propose that they are similar in genetic organization despite presumably separate evolutionary histories.
INTRODUCTION
Herpes simplex virus types 1 and 2 (HSV-1 and HSV-2), equid herpesvirus 1 (EHV-1), pseudorabies virus (PRV) and varicella-zoster virus (VZV) are members of the Alphaherpesvirinae (Matthews, 1982) . The double-stranded DNA genomes of these viruses range in G + C content from 47~ (VZV) to 74% (PRV) , and may be classified structurally into two groups. The HSV-1 and HSV-2 genome structure consists of two covalently linked segments (L, S), each comprising a unique region (UL, Us) bounded by inverted repeats (TRL, IRE, TRs, IRs). Four types of molecule are present in equimolar amounts in virion DNA populations as a consequence of inversion of L and S about their joint. They are termed the P (prototype, arbitrarily defined), I L (L inverted), I s (S inverted) and IsL (L and S inverted) genome arrangements . The genome structure of EHV-1, PRV and VZV is similar to that of HSV-1 and HSV-2, except that L is not bounded by inverted repeats and does not invert. Consequently, virion DNA populations contain only two types of molecule (P and Is). Throughout this paper the HSV-1 and HSV-2 genomes are represented in the I L arrangement, and the EHV-1, PRV and VZV genomes in the P arrangement.
The HSV-1 and HSV-2 genomes share extensive homology in approximately 50~ of their sequences (Kieff et al., 1972) . They are colinear, and regions of least homology include TRL/IR L and the majority of the S segment . PRV DNA is 8 to 10~ homologous to HSV-I and HSV-2 DNA (Ludwig et aL, 1972) , and the homologous regions are distributed t Present address: The Beatson Institute for Cancer Research, Wolfson Laboratory for Molecular Pathology, Garscube Estate, Switchback Road, Glasgow G61 IBD, U.K. 0022-1317/83/0000-5643 $02.00 © 1983 SGM A. J. DAVISON AND N. M. WILKIE throughout the PRV genome (Rand & Ben-Porat, 1980) . Homology between HSV DNA and EHV-1 or VZV DNA has not been reported previously.
The close relationship between HSV-1 and HSV-2 is demonstrated in their ability to crossneutralize (Plummer, 1964) and recombine (Timbury & Subak-Sharpe, 1973) , and in their sharing of multiple antigens (Honess et al., 1974) . The use of complement fixation, gel diffusion and immunofluorescence has shown that HSV possesses limited antigenic cross-reactivity with PRV (Watson et al., 1967; Ross et al., 1972) , EHV-1 (Plummet, 1964; Blue & Plummer, 1973; Killington et al., 1977) and VZV (Caunt & Shaw, 1969; Honess et at., 1974) . Yeo et al. (1981) and Littler et al. (1981) reported antigenic and structural conservation of the major DNA-binding protein of HSV-1, HSV-2, EHV-1 and PRV. Yeo et al. (1981) also observed limited antigenic conservation of the major capsid protein of these viruses.
In this paper the regions of the HSV-1 and HSV-2 genomes to which EHV-1, PRV and VZV DNA hybridized are examined, and the relative orientations of homologous regions in the genomes are described. Sequences in the HSV-2 and PRV genomes which are homologous to the HSV-1 major capsid protein gene were located and their orientations determined.
METHODS

Cells and viruses.
Viruses used in this study were HSV-1 strain 17 (Glasgow), HSV-2 strain HG52 (Timbury, 1971) , wild-type PRV (Kaplan & Vatter, 1959) , the PRV temperature-sensitive mutant ts9 (Pringle et al., 1973) , and the strain of VZV described by Dumas et al. (1981) . HSV and PRV stocks were grown and titrated at 37 °C (Brown et al., 1973; Marsden et al., 1976) in baby hamster kidney cells (BHK-21 C 13) cultured in Eagle's minimal essential medium (MEM) supplemented with 10 H (v/v) tryptose phosphate broth and 10 ~ (v/v) calf serum. VZV was grown in a line of human foetal lung cells established by Dr B. Carritt at the Institute of Genetics, Glasgow. These cells were cultured in MEM supplemented with 10~ (v/v) foetal calf serum and 1~ (v/v) non-essential amino acids (Flow Laboratories).
Preparation of virus DNA. HSV DNA was prepared from virus isolated from infected BHK cells and from the cell medium (Wilkie, 1973) . DNA suitable for in vitro labelling was purified on isopycnic CsC1 gradients containing 20 ~tg/ml ethidium bromide (Wilkie & Cortini, 1976) . PRV DNA was prepared from sucrose-banded virions (Ben-Porat et al., 1974) . VZV DNA was isolated from purified virions prepared by the method described by Dumas et al. (1980) . EHV-1 DNA was prepared as for HSV DNA from a plaque-purified Australian isolate (HVS 25) of EHV-1 (Whalley et al., 198 l) and generously supplied by Dr J. M. Whalley. D NA concentrations were estimated from absorbance at 260 nm.
Construction of recombinant plasmids. The generation of plasmids bearing HSV-1 BamHI k and HSV-2 BamHI g has been described previously (Davison & Wilkie, 1981) . HSV-1 BamHI y was cloned by the same method (Murchie & McGeoch, 1982) . HSV-2 HindIII fragments were ligated into the HindIII site of pAT153 (Twigg & Sherratt, 1980) , and recombinant plasmids were characterized by restriction endonuclease digestion and by blot hybridization. Plasmids consisting of PRV BamHI inserts in the BarnHI site of pAT153 were prepared and characterized similarly.
Restriction fragments constituting the entire HSV-1 and PRV genomes, including the termini, were cloned in pATl53 as follows. HSV-1 or PRV DNA (10 ~tg) was cleaved with KpnI, and pAT153 DNA (10 ~tg) was linearized with PstI. The method described by Otsuka (198 l) was used to add homopolymer tracts of deoxycytidine residues to KpnI fragments and deoxyguanosine residues to PstI fragments. The DNA samples were then mixed at 2 ~tg/ml in 0.01 M-Tris-HC1 pH 7.6, 0.1 M-NaC1, 0.001 M-EDTA, heated at 70°C and annealed by slow cooling. Transformed colonies of Escherichia coli K12 strain HB101 were grown in the presence of l0 ~g/ml tetracycline hydrochloride, and plasmids characterized. The plasmids contained regenerated KpnI and PstI sites.
Bacterial stocks and plasmid DNA were prepared as previously described (Davison & Wilkie, 1981) . Procedures involving living bacteria subsequent to ligation of DNA were carried out under conditions of good microbiological practice, as advised by the Genetic Manipulation Advisory Group and the local safety committee.
Restriction endonuclease digestion and gel eleetrophoresis. Restriction endonucleases were purchased from Bethesda Research Laboratories or New England Biolabs. DNA was digested at 37 °C in 0.006 M-Tris HC1 pH 7.5, 0.006 M-MgCI~, 0.006 M-2-mercaptoethanol, 0-02 M-KC1 and 0.2 mg/ml bovine serum albumin. DNA fragments were separated by agarose gel electrophoresis and visualized by ethidium bromide fluorescence under long wavelength u.v. irradiation (Wilkie & Cortini, 1976) .
32p-labelling ofDNA. DNA was labelled in vitro with [ct-3zp]deoxyribonucleoside triphosphates (>350 Ci/ mmol; Amersham International) by the method of Rigby et al. (1977) . Under these conditions the mean size of single-stranded DNA fragments was 400 nucleotides, and labelled DNA had a specific activity of 1 x 108 to 2 × l0 s ct/min/~tg. and PRV DNA probes were hybridized at 45 °C in 50~ formamide. The EHV-1 and PRV tracks were exposed approx. 10 times longer than the HSV-1 and HSV-2 tracks. (b) Autoradiograph of HSV-1 KpnI blot strips to which HSV-1, VZV and bacteriophage lambda D N A probes were hybridized at 37 °C in 30~, 4 0~ or 50~ formamide. The VZV and bacteriophage lambda tracks were exposed approx. 20 times longer than the HSV-I track.
T a b l e 1. DNA DNA hybridization. DNA fragments were transferred from agarose gels to nitrocellulose sheets (BA85; Schleicher & Schiill) by the method described by Southern (1975) . Each sheet contained 5 to 10 gg DNA and was cut into 30 strips, which were preincubated by shaking overnight at a temperature of 37, 40, 45 or 50 °C in tubes containing 5 ml 3 x SSC (0.45 ~-NaCI, 0-045 M-trisodium citrate pH 7.5), 10 x Denhardt's solution (Denhardt, 1966) , 0.1 mg/ml single-stranded salmon sperm DNA, and formamide at a concentration between 30 ~ and 60 (v/v). Nick-translated probe DNA (0.5 to 1.0 gg) was denatured by heating at 100 °C for 5 min in 0.1 ml 80~o formamide, and then added to the tube with appropriate solutions to give identical conditions to those used for preincubation. Hybridization was allowed to proceed for 3 to 10 days. The strips were washed extensively in 2 × SSC at 60 °C or 37 °C, dried and applied to a glass plate. The strips were autoradiographed with Kodak X-Omat H film either at room temperature or at -70 °C with preflashed film and a Dupont Cronex phosphotungstate screen.
Nitrocellulose discs were hybridized in 2 ml hybridization solution, washed extensively in 2 x SSC at 37 °C, dried and scintillation-counted in 2 ml scintillation fluid (5 g/1 PPO, 0-3 g/l POPOP, in toluene).
Marker rescue ofPRVts9. BHK cell monolayers in 50 mm dishes were infected with 0.5 gg PRV ts9 DNA, 1 gg plasmid containing a PRV DNA insert or a fragment derived therefrom, and 5 lag calf thymus DNA, by the marker rescue method described by Stow et al. (1978) . DNA infections were done by the techniques of calcium phosphate precipitation (Graham & van der Eb, 1973) and dimethyl sulphoxide boost (Stow & Wilkie, 1976) . The dishes were incubated at the permissive temperature (37 °C) for 2 to 3 days. The infected cell monolayers were scraped into the medium and sonicated, and progeny virus was titrated on BHK cell monolayers at permissive and non-permissive (41 °C 
Location of homologous regions in herpesvirus genomes
HSV-1, HSV-2, EHV-1 and PRV virion DNA probes were hybridized to HSV-1 and HSV-2 BamHI blot strips at 40, 45 or 50 °C in 50~ formamide. The results obtained at 45 °C are shown in Fig. 1 (a) . Almost all regions of the HSV-1 and HSV-2 genomes demonstrated a degree of homology, as previously reported (Wilkie et al., 1979) , whereas EHV-1 and PRV DNA hybridized only to certain regions of the HSV-1 and HSV-2 genomes, and then to a lesser extent. The patterns of distribution of homologous regions in HSV-1 and HSV-2 DNA were similar, as perhaps would be expected from the colinear relationship between the two genomes. However, EHV-1 and PRV probes hybridized to TRL/IR L and the TRL/IRL-U L junctions of HSV-2 but not to those of HSV-1. The complete results of these experiments are summarized in Fig. 2 .
In a similar series of experiments, HSV-1, VZV and bacteriophage lambda DNA probes were hybridized to HSV-1 KpnI and BamHI blot strips. In this case, hybridization stringency was Fig. 3 . Restriction endonuclease maps of HSV-I, HS¥-2, EHV-1, PRY and VZV DNA. The maps are shown below each representative genome, in which inverted repeats are denoted by filled rectangles, and those for HSV-1 and HSV-2 are in the Ic arrangement. Joint-spanning fragments, and alternative S terminal fragments for EHV-1 and VZV, are given on the right-hand side. The HSV-1 KpnI map is from Preston et al. (1978) , the HSV-1 and HSV-2 BamHI maps from Davison & Wilkie (1981) , the HSV-2 HindlII map from Cortini & Wilkie (1978) , the EHV-I maps from Whalley et al. (1981) , the PRV maps from Powell (1979) , and the VZV maps from Dumas et al. (1981) . controlled by varying the formamide concentration rather than the temperature of hybridization. The results obtained with HSV-1 KpnI blot strips are shown in Fig. l(b) , and the complete results are included in Fig. 2 . Hybridization of VZV D N A to HSV-1 D N A was readily apparent under conditions where hybridization of bacteriophage lambda D N A was barely detected. The dark area on the blot strip where bacteriophage lambda D N A probe was used was due to non-specific absorption. We conclude from Fig. 2 that EHV-1, PRV and VZV D N A contain sequences homologous to regions in similar locations in the HSV-1 and HSV-2 genomes, with the exceptions discussed below. Table 1 shows the results of an experiment designed to measure quantitatively the degree of homology between HSV-1, PRV and VZV D N A under two sets of conditions of hybridization stringency. We conclude that HSV-1 and PRV D N A appear to be more closely related to each other than they are to VZV D N A . Indeed the significance of hybridization of VZV D N A to HSV-1 or PRV D N A by this method was difficult to assess, whereas the use of blot strips as described above readily allowed its detection. 
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Orientation of homologous regions in herpesvirus genomes
Nick-translated recombinant plasmids were hybridized under conditions of excess probe to blot strips of heterologous herpesvirus DNA digests. Restriction endonuclease maps pertaining to the results are shown in Fig. 3 , and representative results are shown in Fig. 4 and Fig. 5 . Regions of significant hybridization are listed in Tables 2 to 6, and the data are summarized in graphical form in Fig. 6 . Hybridization was not scored when detected at a very low level (e.g. Fig. 5 HSV-1 KpnI i probe: hybridization to VZV PstI 1 and n scored but not to jk). Also, weak hybridization of several probes to particular fragments was not scored (e.g. HSV-1 KpnI probes to VZV PstI a, c and e).
We conclude that the HSV-1 and HSV-2 genomes are colinear, that homologous regions in the EHV-1 and VZV genomes are colinear with the IL or Ise arrangement of HSV, and that the PRV genome is colinear with the Ie arrangement of HSV with the exception of an apparently inverted 
Location and orientation of HSV-2 and PRV sequences homologous to the HSV-1 major capsid protein gene
HSV-1 KpnI i is a 9.7 kilobase pair (kbp) fragment which entirely contains the major capsid protein gene of size 6 kbp (Costa et aL, 1981) . This fragment hybridized to HSV-2 KpnI h and PRV BamHI d, which are approximately 10 kbp in size. Nick-translated probes were hybridized to blot strips of restriction digests of plasmids containing HSV-2 KpnI h or PRV BamHI d. The results are shown in the upper part of Fig. 7 , and summaries of the distribution and orientation of homologous sequences are displayed in the lower part of the Fig. PRV BamHI d most strongly to sequences throughout the coding region of the HSV-1 major capsid protein gene, rather than to adjacent sequences in HSV-1 KpnI i. We conclude that the relative orientations of heterologous genomes described above also apply at the subgenic level. The fragment of PRV BamHI d within which the ts9 lesion was mapped is indicated in the lower right-hand panel of Fig. 7 , and is homologous to sequences contained entirely within the HSV-1 major capsid protein gene.
DISCUSSION
Hybridization rate in solution is maximal at approx. 25 °C below the hybrid melting temperature (Tin), and varies minimally over a range of l0 to 15 °C in that region. T m is dependent on ion concentration and G + C content (Schildkraut & Lifson, 1965) , is reduced by approx. 1 °C per 1 ~ base mismatching (Hutton & Wetmur, 1973) and is reduced by 0.6 °C per 1 ~o formamide (Hutton, 1977) . Assuming that these features apply to blot hybridization, the DNAs of HSV-1, HSV-2, EHV-1 and PRV under the conditions used have 49.7, 44.4 and 51 .7 °C respectively. The values for VZV DNA are 40.7 °C in 509/0 formamide and 52.7°C in 30~ formamide. In principle, wide variations in the G + C content of completely homologous regions may occur without significantly affecting the rate of hybridization. Therefore, we infer that the majority of regions of homology detected in the 
a' ab jk gh * No significant hybridization. experiments described are the result of greater similarity of nucleotide sequences rather than merely a reflection of local G + C content. Hybridization of virion DNA and recombinant plasmids to herpesvirus DNA blot strips showed that several specific regions are more highly conserved than others in the herpesvirus genomes. Since detailed analysis of PRV sequences homologous to the HSV-1 major capsid protein gene demonstrated that homology extends throughout the coding region, it is probable that regions of greater homology reflect constraints on DNA sequences imposed by conservation of the sequences of encoded proteins. The best candidates for more highly conserved proteins and their map locations in the genome (fractional genome units of the IL genome arrangement), based on existing knowledge of HSV-1 gene location, are the major DNA-binding protein (0.44 to 0.47), the major capsid protein (0.56 to 0-60), the DNA polymerase (0.40 to 0.44), the immediate-early protein Vmw IE 175 (0"83 to 0"87 and 0.96 to 1.0), and one or both of the early proteins Vmw 136' (143) (0"24 to 0"27) and Vmw 38 (0"23 to 0"24). Other conserved regions in HSV-1 contain genes of unknown function.
We infer from the detection of regions of homology in heterologous genomes that corresponding genes could be accurately located by using HSV-1 gene probes, providing there is sufficient homology between the respective DNA sequences. Thus, we believe that we have located and oriented the major capsid protein gene of PRV, and that PRV ts9 possesses a temperature-sensitive lesion in this protein. This mutant replicates DNA at the non-permissive temperature (Pringle et al., 1973) , as would be expected if the lesion is in the major capsid protein, but further characterization of ts9 is necessary to show conclusively that the mutation is in this gene. The observed colinearity of the HSV-1 and HSV-2 genomes is in accord with previous evidence for genetic and physical colinearity. E sparza et al. (1976) concluded that there is at least a degree of colinearity between HSV-1 and HSV-2 DNA from the observation that heterologous mutant pairs which failed to complement also failed to recombine. Analyses of intertypic recombinants have shown that crossovers occur throughout the genome, implying functional colinearity. Specific functions, such as the thymidine kinase gene (Halliburton et al., 1980) , the DNA polymerase gene and the immediate-early genes (Easton & Clements, 1980) are in equivalent locations in the two genomes. We find no support for the conclusion of Ruyechan et al. (1979) that the genes specifying glycoprotein C are not colinear. These workers used intertypic recombinants to map this gene, and it is possible that they mapped an HSV-2 gene other than glycoprotein C in their study.
Homologous regions in the EHV-1 and VZV genomes are colinear with the IL or IsL genome arrangement of HSV. It was not possible to distinguish between the two arrangements because The genome locations of the fragments are indicated on the outer axes, with the HSV-I and HSV-2 genomes in the I L arrangement. Regions of homology within the fragments are shown by crosshatching, and regions of weaker homology between the HSV-1 and PRV fragments by stippling. The arrow denotes the location and direction of transcription of the HSV-1 major capsid protein (V,~. 155) gene. The location of the mutation in PRV ts9 is also shown. homology in Us was not detected. Although the P R V genome is essentially colinear with the H S V I L genome arrangement, the region between approx. 0.1 and 0.4 fractional genome units appears to be inverted. Errors in the P R V restriction endonuclease m a p s in this region, which might account for this observation, were ruled out. The majority of instances of non-colinear homology involved H S V TRL/IRL and T R s / I R s and their junctions with UL and U s (Fig. 6) , regions which contain multiple reiterations of short sequences (Davison & Wilkie, 1981; Murchie & McGeoch, 1982 ; F. J. Rixon, personal communication). It is probable that such hybridization reflects the locations of these kinetically simple sequences of very high G + C content. We also favour this explanation for the reported homology between HSV-1 TRs/IR s and a region in UL (Wilkie et El., 1979) .
Having demonstrated the colinearity of the genomes of EHV-1, PRV (taking into account the inverted region) and VZV with respect to homologous regions in the HSV genome, we propose the hypothesis that these genomes share a very similar genetic design, that is, they are colinear also with respect to genes of similar function for which no homology was detected. The differences between the genomes in structure and molecular weight imply that it is unlikey that they have precisely identical genetic organizations. Nevertheless, provided that the majority of genes prove to be colinear, it will be possible to predict many gene locations on the basis of existing knowledge of HSV-1 genetic organization.
